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Abstract 
Purpose: The aim of this study was to report whether intensive body weight-supported treadmill training 
with a robotic exoskeleton could improve over-ground functional mobility in individuals with chronic spinal 
cord injury and to investigate its feasibility and safety. Methods: This was a case series design. Two male 
individuals with chronic (> 1 year since injury) spinal cord injury (SCI) were included in this study. All 
subjects underwent intensive gait training sessions 5 times per week using exoskeleton for 12 weeks with 
a total of 60 sessions. The duration of the session was 60 minutes, including the installment of the HAL, 
gait training, and the removal of the HAL. The training was performed on a treadmill with adjustable speed 
and a lifter, under the supervision of a physiotherapist. Two types of outcomes were collected: treadmill-
associated data and functional outcomes. Results: We observed a continuous increase in treadmill walking 
distance, time, and speed for both cases from baseline assessment until the end of the study at 12 
weeks The findings from this study provide evidence that the Hybrid Assistive Limb (HAL) can be used 
with chronic spinal cord injury and can improve walking abilities in terms of distance, speed, and time. 
Conclusion: HAL can be used for gait training in rehabilitation facilities for individuals with chronic spinal 
cord injury and did not cause any serious adverse effects to the participating subjects. Our results support 
the findings of previous studies that show that treatment with HAL may result in improvement in gait 
parameters. However, more studies with a larger sample size are needed to compare the effect of HAL with 
conventional physical therapy 
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Purpose: The aim of this study was to report whether intensive body weight-supported treadmill training with a robotic 
exoskeleton could improve over-ground functional mobility in individuals with chronic spinal cord injury and to investigate 
its feasibility and safety. Methods: This was a case series design. Two male individuals with chronic (> 1 year since 
injury) spinal cord injury (SCI) were included in this study. All subjects underwent intensive gait training sessions 5 times 
per week using exoskeleton for 12 weeks with a total of 60 sessions. The duration of the session was 60 minutes, 
including the installment of the HAL, gait training, and the removal of the HAL. The training was performed on a treadmill 
with adjustable speed and a lifter, under the supervision of a physiotherapist. Two types of outcomes were collected: 
treadmill-associated data and functional outcomes. Results: We observed a continuous increase in treadmill walking 
distance, time, and speed for both cases from baseline assessment until the end of the study at 12 weeks The findings 
from this study provide evidence that the Hybrid Assistive Limb (HAL) can be used with chronic spinal cord injury and 
can improve walking abilities in terms of distance, speed, and time. Conclusion: HAL can be used for gait training in 
rehabilitation facilities for individuals with chronic spinal cord injury and did not cause any serious adverse effects to the 
participating subjects. Our results support the findings of previous studies that show that treatment with HAL may result 
in improvement in gait parameters. However, more studies with a larger sample size are needed to compare the effect 
of HAL with conventional physical therapy. 
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INTRODUCTION 
An injury to the spinal cord is associated with many complications. The most common physiological consequences of a 
spinal cord injury (SCI) are muscle paralysis or weakness and dysfunction of sensory and autonomic nervous systems 
below the level of injury.1,2 This may result in difficulties or inability to perform activities of daily living (ADL), such as 
eating, bathing, use of a wheelchair, walking, etc. The extent of the impairments depends on the level and severity of 
the injury.3 Half of the spinal cord injuries are classified as incomplete injuries, meaning that there are preserved sensory 
and/or motor functions below the level of the lesion.4,5 Individuals with incomplete SCI retains the ability to ambulate 
over-ground (with or without an assistive device).5 On the other hand, recovery of over-ground ambulation is not possible 
in individuals with complete SCI.6 Restoration of walking and standing has high priority over other functions for individuals 
with SCI.7  
 
Many strategies have been utilized to improve gait in individuals with SCI. Some of these strategies focus on the 
compensation of the lost function like long leg braces. Unfortunately, it has been documented that even with long leg 
braces, walking was not functional and required a high level of energy.8 Functional ambulation is defined as "the ability 
to walk, with or without the aid of appropriate assistive devices (such as prostheses, orthoses, canes or walkers), safely 
and sufficiently to carry out mobility-related activities of daily living."9  
 
On the other hand, there are strategies that are based on the concepts of neural control and motor plasticity. It is believed 
that repetitive and intensive gait training provides task-specific sensory inputs that may enhance walking abilities.10 Body-
weight supported treadmill (BWST) training is one of the most common techniques used in gait training after SCI as it is 
not limited by the individuals' level of injury.1 During BWST training, part of the individual's weight is supported by an 
overhead harness while legs are moved by therapists over the treadmill belt. This training allows for early initiation of 
gait training, weight-bearing activities, and coordinated stepping movements.11,12 Recent development in the field of gait 
rehabilitation resulted in the development of robotic exoskeletons that help reduce the load on the therapists. They are 
worn over the lower extremities and can be used over a treadmill or over-ground.13 Gait training with robotic exoskeletons 
requires less assistance, provides training for a longer duration, and allows for more physiologic and reproducible gait 
patterns than manual body-weight-supported gait training.12,14 
 
Several studies have described the impact of gait training with Hybrid Assistive Limb (HAL). Studied population included 
stroke, spinal cord injury, cerebral palsy, and total knee arthroplasty.12,15-34 Improvements in functional mobility, over-
ground walking, muscle strength, and motor functions of patients with acute and chronic SCIs were reported12,26–30. A 
recent study reported the use of robotic exoskeleton with two cases with incomplete paraplegia and have found that 
using HAL may be beneficial for non-ambulatory individuals with acute SCI.26 Jansen et al reported improvement in over-
ground walking abilities after 12 weeks of HAL training in individuals with incomplete paraplegia and tetraplegia.27,30 A 
case series of eight patients with chronic SCI showed that a robotic exoskeleton is feasible and safe in application and 
can lead to improved functional mobility and motor functions in patients with chronic paraplegia or tetraplegia.12 A 2017 
study by Grasmücke et al of 55 subjects with incomplete and complete chronic spinal cord injury reported improvement 
in walking over treadmill and over-ground.28 Similarly, Sczesny-Kaiser et al reported improvement in walking parameters 
and lower limbs muscle power in individuals with chronic traumatic SCI with incomplete and complete paraplegia after 
three months of training.29 Furthermore, a recent meta-analysis aimed to investigate the benefits of robot-assisted 
training on the recovery of patients with SCI suggested that robot-assisted training had better improvement compared 
with other types of gait training and physiotherapy treatments.14  
 
Hybrid Assistive Limb (HAL)  
The Hybrid Assistive Limb (HAL; Cyberdyne, Inc., Japan) is a powered robotic suit with bilateral actuators on the hip and 
knee joints (that generate torque to move the joints) that attach to the individual's lower limbs. Electromyography 
electrodes collect surface bioelectrical signals from the flexors and extensors muscles of the hips and the knees.12 The 
level and timing of assistance provided by the machine are adjusted gradually according to the remaining muscle 
function. This results in synchronization between the individual's bilateral hip and knee movement and the support 
provided by the exoskeleton. Such variations in gait pattern, stride length, and step height give the opportunity to practice 
different daily life tasks such as walking over obstacles.12,30,35      
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Objectives  
Gait training with powered robotic suits is a new technology in rehabilitation facilities in Saudi Arabia, therefore, this 
study aims to report whether intensive body weight-supported treadmill training with robotic exoskeleton could improve 
over-ground functional mobility in individuals with chronic spinal cord injury and to investigate its feasibility and safety. 
 
METHODS 
This study is a case series of two male individuals with chronic (> 1 year since injury) spinal cord injury (SCI). The 
study was approved by the Institutional Review Board (IRB) at King Fahad Medical City, Riyadh. Both subjects signed 
consent forms.  
Intervention 
All subjects underwent intensive gait training sessions 5 times per week using exoskeleton for 12 weeks with a total of 
60 sessions. The duration of the session was 60 minutes, including the installment of the HAL, gait training, and the 
removal of the HAL. The training was performed on a treadmill with adjustable speed and a lifter, under the supervision 




Figure 1. Gait training using a bilateral-leg version of the Hybrid Assistive Limb (HAL) 
 
Outcome Measures 
Two types of outcomes were collected: treadmill-associated data and functional outcomes. The treadmill-associated 
data, such as walking distance, speed, and time were recorded while using the exoskeleton at every session. On the 
other hand, functional outcomes were collected while the subjects walked over-ground without the exoskeleton. These 
were the 10 Meter Walk Test, Timed Up and Go, 6 Minute Walk Test, and Walking Index for SCI. All functional outcomes 
were measured prior to training (baseline), at 6 weeks, and at 12 weeks (end of training), except for the 6 Minute Walk 
Test (6 MWT) which was recorded at 6 and 12 weeks only. 
 
The 10 Meter Walk Test (10MWT) is used to measure the time needed (in seconds) to walk a distance of 10 meters at 
preferred gait speed. Both subjects walked a distance of 14 meters and the time needed to walk the middle 10 meters 
was measured.36 The Timed Up and Go (TUG) is used to measure mobility and balance. It measures the time (in 
seconds) needed to stand from a chair, walk three meters, turn around, walk back to the chair, and sit down at a 
comfortable walking speed. The individual is allowed to use an assistive device.37 The 6-Minute Walk Test (6MWT) is 
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used to measure the distance (in meters) walked by the subjects in 6 minutes. Subjects are instructed to walk at their 
preferred speed and rest whenever needed.38 The Walking Index for SCI (WISCI-II) is used to measure the amount of 
physical assistance, braces, or assistive devices required to walk 10 meters. It consists of 20 levels ranging from "unable 
to stand or walk" (Level 0) to "ambulates 10 meters with no devices, no braces and no assistance" (level 20).39,40 The 
timed measures of ambulation (10MWT, 6MWT, TUG) have excellent test-retest and inter-observer reliability, construct 
validity, and responsiveness to change in ambulatory individuals with SCI. WISCI-II has moderate to excellent reliability 
and excellent responsiveness to change.9 
 
Case 1: A 27-Year-Old Male 
A 27-year-old male was involved in a road traffic accident that resulted in L1 burst fracture, conus medullaris contusion, 
and left distal tibia and fibula fractures. He was classified by the International Standards for Neurological Classification 
of Spinal Cord Injury (ISNCSCI) as ASIA C L1 SCI. He was admitted to a rehabilitation facility immediately after his injury 
and was hospitalized for 2 months. Three months after being discharged, he was admitted to another rehabilitation facility 
for 2 months. After that, he received 20 sessions of outpatient physical therapy. At the time of this study, he was not 
involved in any exercise program in any facility or at home. He is a high school graduate and currently unemployed.   
 
His walking index for SCI (WISCI-II) was 12/20. He walked with two elbow crutches and bilateral ankle-foot-orthosis 
(AFO) indoors and used a wheelchair for outdoors. His gait pattern showed a flexed trunk and no right knee flexion during 
the swing phase, he also circumducted his left leg with a kick of the left knee. He moved the elbow crutches 
simultaneously and used a 3-point gait pattern. He started the intervention 4.3 years post-injury. The characteristics and 
demographics of both cases are shown in Table 1. 
 
He underwent intensive gait training sessions using the exoskeleton. The training was performed on a treadmill with 
adjustable speed and a lifter under the supervision of a physiotherapist. The lifter was only used for safety purposes and 
did not offer any support.  
 
No serious adverse effects were observed during or after the training. The mean walking distance during each session 
was 433.3 ± 190 meters (± SD). At the end of the training, the following improvements were found in Case 1: TUG from 
55.23 seconds to 45 seconds, 10 MWT from 44 seconds to 29 seconds, and 6 MWT from 63.2 meters to 127.8 meters. 
His gait pattern improved from a 3-point-gait to a 4-point-gait pattern. However, his Walking Index for SCI remained the 
same; 12/20.  
 
When comparing the treadmill-associated data, we found improvement in treadmill walking speed, distance, and walking 
time. Table 2 shows the changes in clinical outcome measures between pre and post-HAL treatment of both cases. 
 
Case 2: A 32-Year-Old Male 
A 32-year-old male was involved in a road traffic accident that resulted in an L1-L2 dislocation fracture. He was classified 
by the International Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI) as ASIA B T12 SCI. After 
his injury, he received indoor rehabilitation at four different rehabilitation facilities. The average length of stay was 6 
weeks in each facility. He denied being involved in any exercise regimen at the time of the intervention. He used to work 
as a field operator but retired after the injury.    
 
His walking index for SCI (WISCI-II) was 9/20. He walked with a wheeled walker and bilateral Knee-Ankle-Foot Orthosis 
(KAFO) indoors and used a wheelchair for outdoors. He joined the study 1.8 years post his injury.This individual 
underwent intensive gait training sessions 5 times per week using the exoskeleton. The training was performed on a 
treadmill with adjustable speed and a lifter under the supervision of a physiotherapist. The lifter was only used for safety 
purposes and did not offer any support.  
 
No serious adverse effects were observed during or after the training. The mean walking distance during each session 
was 313 ± 134 (± SD). At 12 weeks, the following improvements were found in Case 2: TUG from 42.46 seconds to 37 
seconds, and 6 MWT from 80 meters to 99 meters, but he did not show improvement in 10 MWT and his Walking Index 
for SCI remained the same; 9/20. By the end of the training, he started to walk with KAFO on the right lower limb and 
AFO on the left lower limb with a wheeled walker. He had good hip and knee flexion on the left side without excessive 
kicking of the knee at the end of the swing phase. Similar to Case 1, the participant showed improvement in treadmill 
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walking speed, distance, and walking time. Changes in treadmill-associated data and outcome measures are shown in 
figures 2-7.  
 
Table 1. Patients demographics and clinical characteristics 
Demographics CASE 1 CASE 2 
Age (years) 27 year 32 year 
Gender Male Male 
Height (cm) 160 170 
Weight (kg) 55 63 
Onset (years)  4.3 1.8 
Lesion location L1 L1-L2 
ASIA C L1 SCI B T12 SCI 
WISCI-II 12/20 9/20 
Assistance required during indoor mobility Two elbow crutches and 
bilateral AFO 
Wheeled walker and bilateral 
KAFO 
Assistance required during outdoor mobility Wheelchair Wheelchair 
ASIA, American Spinal Injury Association 
WISCI, Walking Index for Spinal Cord Injury. 
AFO, Ankle-Foot-Orthosis 
KAFO, Knee-Ankle-Foot Orthosis 
 
 
Table 2. Comparison of outcome measures between pre- and post-HAL treatment 
 CASE 1 CASE 2 
 Pre 6 weeks 12 weeks Pre 6 weeks* 12 weeks* 
TUG (seconds) 55.23 69.47 45 42.46 43.8 37 
10 MWT (seconds) 44 50 29 26 34 30 
6 MWT (meters)  63.2 127.8  80 99 
WISCI-II 12 12 12 9 9 9 
Treadmill Walking distance 
(meters) 
56.75 602.3 693 70 328 348.7 
Treadmill Walking time 
(minutes) 
11.36 30 30 11 14.3 17.2 
Treadmill Walking speed 
(km/hr) 
0.27 1.2 1.45 0.35 1.43 1.45 
TUG, Timed Up and Go 
10 MWT, 10 Meter Walk Test  
6 MWT, 6 Minute Walk Test 
WISCI-II, Walking Index for Spinal Cord Injury 




The objective of this study was to evaluate the effect of intensive gait training with a robotic exoskeleton on over-ground 
gait parameters in two individuals with chronic spinal cord injury and to examine its feasibility in clinical settings. The 
findings from this study provide evidence that HAL can be used in clinical settings with chronic spinal cord injury and 
may improve walking abilities in terms of distance, speed, and time.  
 
Several recent studies have produced similar encouraging results. Watanabe et al has shown improvement in walking 
for paraplegic and non-ambulatory individuals during the acute phase after SCI. A pilot study by Aach et al showed that 
HAL application can result in improved functional mobility and motor functions in patients with chronic paraplegia or 
tetraplegia. A more recent case series of twenty-one patients with chronic SCI, also found that using HAL for gait training 
significantly improved functional mobility and motor functions.30  
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Aach et al, Grasmucke et al, Jansen et al, and Sczesny-Kaiser et al all reported significant changes in over-ground 
walking abilities without using the HAL.12,27-29 However, in our study, we observed a continuous increase in treadmill 
walking distance, time, and speed for both cases from baseline assessment until the end of the study at 12 weeks. 
 
Figure 2. Changes in treadmill walking distance at baseline, 6 weeks, and 12 weeks. 
 
 
Similar results were detected in the TUG test (Figure 3). There was also an increase in the ambulated distance in 6 
MWT. Additionally, case 1 showed improvement in 10 MWT scores, but case 2 did not show improvement in 10 MWT. 
Moreover, the same subject started the training walking with bilateral KAFOs, but at 6 weeks and onwards he was able 
to walk with one AFO and one KAFO. This change in the type of orthosis used could have been the reason for the lack 
of improvement in walking speed (10 MWT).  
 
 
Figure 3. Changes in treadmill walking time at baseline, 6 weeks, and 12 weeks
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Figure 4. Changes in treadmill walking speed at baseline, 6 weeks, and 12 weeks 
 
 




Figure 6. Changes in 10 MWT at baseline, 6 weeks, and 12 weeks 
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Figure 7.  Changes in 6 MWT at baseline, 6 weeks, and 12 weeks 
 
 
An interesting finding from our case series is that both subjects didn't show any improvement in WISCI-II levels, which 
is inconsistent with the findings of the previous research12,26–28,30. In two studies, Jansen et al reported an increase in the 
WISCI-II score from 10 ± 1.5 and 10.7± 4.95 at baseline to 11.3 ± 1.3 and11.7 + 4.5  after the intervention, Aach et al 
reported an increase in the WISCI-II score from 10 ± 4.34 to 11.12 ± 3.68, Grasmucke et al reported a significant 
improvement from 9.35 ± 5.12 at baseline to 11.04 ± 4.52 and Watanabe et al reported an increase in WISCI-II from 4 
to 13 in case 1 and from 5 to 18 in case 2.12,26-28,30 Lack of improvement in WISCI-II in our subjects might be explained 
by the average number of training sessions in our study. Our subjects attended 43 out of 60 sessions, which was shorter 
than other studies. For example, Aach et al, Grasmucke et al, and Jansen et al reported the average number of sessions 
to be 51.75, 58.78, 51.75 and 53.2 sessions, respectively12,27,28,30. On the other hand, Watanabe reported significantly 
fewer number of sessions with an average of 7.5 sessions, however, his subjects received conventional physical therapy 
and occupational therapy in addition to HAL treatment.26 Moreover, he had individuals with acute non-traumatic spinal 
cord injury with an average onset date of 10.5 days.  
 
Using HAL for gait training in individuals with spinal cord injury is safe as reported by several authors. Aach et al, for 
example, concluded that treadmill training with robotic exoskeleton is safe and feasible for individuals with chronic 
incomplete paraplegia12. Another study reported that HAL can be used for gait training early after acute spinal cord 
infarction26. In our study, both subjects did not report any serious adverse effects which may suggest that HAL can be 
used safely in rehabilitation facilities.      
 
Limitations 
This study is limited because it is a report on two cases with chronic spinal cord injury. The effect of HAL on walking 
abilities in individuals with chronic SCI should be studied with a large number of individuals. 
 
CONCLUSION 
HAL can be used for gait training in rehabilitation facilities for individuals with chronic spinal cord injury. Our results 
support the findings of previous studies that show that treatment with HAL may result in improvement in gait parameters. 
However, more studies with a larger sample size are needed to compare the effect of HAL with conventional physical 
therapy.  
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